ABSTRACT
. A time delay of up to 7.5 min from receptor activation by PBAN and inßux of extracellular Ca 2ϩ was determined. These results indicate that activation of the PBAN-receptor maintains the activation of a Ca 2ϩ channel for a period of time. Similar results were found using transfected Sf9 cells expressing the cloned PBAN-receptor. This indicates that the Sf9 cells have a Ca 2ϩ channel that is coupled to the receptor in a similar way as in the pheromone gland cells. To determine the type of Ca 2ϩ channel, isolated glands were incubated with PBAN and organic Ca 2ϩ channel blockers. L-type voltage-gated Ca 2ϩ or nonselective Ca 2ϩ channel blockers did not inhibit pheromone production. However, quinidine, a potassium channel blocker, inhibited pheromone production. These results indicate that the receptor-activated Ca 2ϩ channel in the pheromone gland may not be a voltage-activated Ca 2ϩ channel but rather a nonselective ion channel. Our results provide further insight into the action of PBAN with regard to the Ca 2ϩ channel in the signal transduction of pheromone biosynthesis in moths.
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Sex pheromones are used by many female moths to attract and successfully mate with a conspeciÞc male. The production of sex pheromone is hormonally regulated by pheromone biosynthesis activating neuropeptide (PBAN) produced in the subesophageal ganglion (Raina et al. 1989, Rafaeli and . PBAN acts on the pheromone gland to induce pheromone biosynthesis. This has been demonstrated in a variety of moths by using isolated pheromone glands. Recently, a PBAN-receptor has been identiÞed from the moth Helicoverpa zea (Boddie) (Choi et al. 2003) . PBAN stimulates pheromone gland cells by binding with its receptor to start a signal cascade of events to stimulate the pheromone biosynthetic pathway. In all reports so far, extracellular Ca 2ϩ was shown to be required for PBAN to stimulate pheromone production . PBAN binding to the receptor somehow opens a Ca 2ϩ channel in gland cells to allow the inßux of extracellular Ca 2ϩ that induces signal transduction to stimulate pheromone biosynthesis.
In Bombyx mori (L.), an increase in cytoplasmic Ca 2ϩ creates a Ca 2ϩ /calmodulin complex activating a phosphoprotein phosphatase (Ozawa et al. 1995) .
Calmodulin was isolated and characterized (Iwanaga et al. 1998) , and cDNA of calcinulin (phosphoprotein phosphatase B) was cloned (Fó nagy et al. 1999 , Yoshiga et al. 2002 from B. mori pheromone glands. The Ca 2ϩ channel in pheromone glands was suggested to be a nonvoltage-activated Ca 2ϩ channel or a receptor-activated Ca 2ϩ channel in H. zea (Jurenka et al. 1991b) . In Manduca sexta (L.), prothoracicotropic hormone (PTTH) acts on prothoracic glands to initiate the inßux of cytoplasmic Ca 2ϩ that signals the production of ecdysteroids. The Ca 2ϩ channel associated in the signal transduction of PTTH was suggested to be an L-type Ca 2ϩ channel in prothoracic glands (Fellner et al. 2005) .
Here, we determined the lowest concentration of PBAN required to stimulate pheromone production in isolated pheromone glands and investigated a physical time between activation of the receptor and the inßux of extracellular Ca 2ϩ ions under various incubation conditions. Similar experiments were conducted with an insect cell line expressing the cloned PBAN-receptor. We also used pharmacological agents to help determine the type of Ca 2ϩ channel involved in PBAN signal transduction in pheromone gland cells. These results provide further insight into the action of PBAN with regard to Ca 2ϩ as a second messenger in the signal transduction of pheromone biosynthesis.
Materials and Methods
Insect Culture. Larvae of H. zea were reared on an artiÞcial diet (Southland Products Inc., Lake Village, AR) at 25 Ϯ 1ЊC under a photoperiod of 16:8 (L:D) h. Pupae were sexed and allowed to emerge separately. A sucrose solution [2% (wt:vol)] was provided to adults. Virgin female adults in their third or fourth photophase were used throughout this study.
Materials. Synthetic H. zea PBAN (Peninsula Laboratories, Belmont, CA) was dissolved in an insect saline (21 mM KCl, 12 mM NaCl, 3 mM CaCl 2 , 18 mM MgCl 2 , 85 mM trehalose, and 5 mM PIPES at pH 6.6 using KOH). For preparation of a Ca 2ϩ -free saline, 3 mM CaCl 2 was omitted from the saline with addition of 1 mM EGTA, or for K ϩ -free saline, 21 mM KCl was omitted from the normal saline. To block Ca 2ϩ channels, the insect saline contained 5 mM LaCl 3 , or the organic compounds nimodipine (5 mM) for L-type Ca 2ϩ channel inhibition, loperamide (5 mM) for nonselective Ca 2ϩ channel inhibition, or quinidine (5 mM) for potassium channel inhibition (Sigma, St. Louis, MO) from 100 mM stock dissolved in ethanol.
Isolated Gland Incubation. Isolated gland cultures were prepared as described previously (Jurenka et al. 1991a ). In the doseÐresponse study, the saline contained from 10 Ϫ12 to 10 Ϫ6 M PBAN, and glands were incubated for 30 min at room temperature. To determine how long glands could remain activated after stimulation by PBAN, isolated pheromone glands were incubated with PBAN but without Ca 2ϩ for 1 min, washed three times, and then transferred to saline without Ca 2ϩ for 10, 7.5, 5, or 2.5 min before addition of Ca 2ϩ for a total 30-min incubation. After all incubations, pheromone glands were removed, extracted, and analyzed for the major sex pheromone component, (Z11)-hexadecenal (Z11Ð16:Ald), as described previously (Choi and Jurenka 2004) . Data were compared for statistical signiÞcance using analysis of variance (ANOVA) (FisherÕs protected least signiÞcant difference test) with StatView 4.5 software package (SAS Institute, Cary, NC).
Single-Cell Calcium Imaging. Procedures and production of the Sf9 cell line expressing the PBANreceptor are described in Choi et al. (2003) . Approximately 2 ϫ 10 cells collected from a suspension culture were seeded into a 96-well culture plate with black sides and a clear bottom overnight. To maintain cell viability, normal insect saline was replaced into each well after Fluo-4 incubation for 25Ð30 min before the application of the different treatments. Similar to the isolated gland incubations, cells were incubated without Ca 2ϩ by the addition of 1 mM EGTA. PBAN (300 nM) was added, and after 1, 2.5, 5, and 10 min 4 mM Ca 2ϩ was added to obtain a Þnal concentration of 3 mM. Fluorescence intensity was recorded every 10 s after the addition of Ca 2ϩ . To test the inhibition of Ca 2ϩ inßux, the same channel blockers were tested as with isolated pheromone glands. Transfected sf9 cells (2 ϫ 10/well) were incubated with 5 mM calcium channel inhibitors, or Ca 2ϩ or K ϩ -free saline for Ϸ10 min before the addition of 300 nM PBAN. Maximum ßuorescence intensity was measured for each treatment as described in Choi et al. (2003) . (Fig. 1) . The amounts of pheromone produced with 10 Ϫ11 to 10 Ϫ7 M PBAN were not statistically different. However, when the concentration of PBAN declined to 10 Ϫ12 M, pheromone production was not stimulated compared with the control value (Fig. 1) .
Results

PBAN
Stimulation of a Calcium Channel for Influx of Extracellular Calcium. Isolated pheromone glands were incubated with or without PBAN (1 M) or Ca 2ϩ for 30 min. Pheromone was produced in the isolated glands exposed to PBAN and Ca 2ϩ , but the production was signiÞcantly decreased in incubated glands without Ca 2ϩ , whether PBAN was present or not (Fig. 2) . To determine when extracellular Ca 2ϩ is required during the initial incubation with PBAN, glands were incubated with PBAN for 1 min but without Ca 2ϩ , transferred into saline without PBAN and Ca 2ϩ for 2.5Ð10 min, and then further incubated with Ca 2ϩ but without PBAN for a total of 30 min (Fig. 3) . A signiÞcant amount of pheromone was produced during the 2.5-, 5-, and 7.5-min incubations, the amounts of which were not statistically different from each other. However, a 10-min incubation without Ca 2ϩ did not result in pheromone production (Fig. 3) . These results indicate that inßux of extracellular Ca 2ϩ through Ca 2ϩ channels could occur after the initial activation of the PBAN-receptor for up to 7.5 min. After this time period, the Ca 2ϩ channel and PBAN- receptor are apparently deactivated, resulting in a closed Ca 2ϩ channel. Transfected sf9 cells (2 ϫ 10 4 /well) preincubated with Fluo-4 were incubated with PBAN but without Ca 2ϩ for 1 min, and then they were washed twice and incubated without Ca 2ϩ for 1, 2.5, 5, or 10 min before addition of Ca 2ϩ (Fig. 4) . Fluorescence intensity increased during the 1-, 2.5-, and 5-min incubations. However, a 10-min incubation without Ca 2ϩ resulted in a lower ßuorescence intensity (Fig. 4) . These results also indicate that inßux of extracellular Ca 2ϩ through Ca 2ϩ channels could occur after the initial activation of the PBAN-receptor in the sf9 cells as shown in the isolated pheromone glands (Fig. 3) .
Inhibition of Pheromone Production with Channel Blockers. Isolated glands were incubated with PBAN (1 M) and Ca 2ϩ channel blockers (5 mM) for 30 min.
Pheromone production was signiÞcantly inhibited by La 3ϩ , but not by the organic blockers loperamide or nimodipine (Fig. 5) . These results indicate that the presumed receptor-activated Ca 2ϩ channel in the pheromone gland could not be blocked by voltageactivated Ca 2ϩ channel blockers. However, quinidine, a known potassium channel blocker, partially inhibited pheromone production.
Transfected sf9 cells (2 ϫ 10 4 /well) were incubated with 300 nM PBAN after preincubation with 5 mM calcium channel inhibitors, or Ca 2ϩ -or K ϩ -free saline for Ϸ10 min. The ßuorescence intensity was signiÞ-cantly inhibited by La 3ϩ with or without Ca 2ϩ but not by the organic blockers loperamide or nimodipine as well as quinidine or without K ϩ (Fig. 6) . These results indicate that the presumed receptor-activated Ca 2ϩ channel in the sf9 cell could not be blocked by voltage- activated Ca 2ϩ channel blockers or potassium channel blocker, even though quinidine, a known a potassium channel blocker, partially inhibited pheromone production (Fig. 5) .
Discussion
Because most insect neuropeptides are present at low levels in vivo, femtomole levels of PBAN are thought to be released into circulation during the scotophase to stimulate pheromone production (Raina and Klun 1984 , Ramaswamy et al. 1995 , Choi et al. 1998 . In a previous study, we found that pheromone can be signiÞcantly produced by isolated pheromone glands in response to 1 nM PBAN (Choi and Jurenka 2004 ). In the current study, a PBAN concentration of 0.01 nM was still effective in stimulating pheromone production. These results are relevant to in vitro conditions. A PBAN activation assay using the cloned PBAN-receptor expressed in sf9 cells showed that the half-maximal effective concentration (EC 50 ) of PBAN was 25 nM (Choi et al. 2003) . This concentration is relatively high compared with isolated pheromone gland incubations. Immunoreactivity of PBAN-like peptides has been detected in the hemolymph at 100 Ð500 pM during the scotophase of Mamestra brassicae (L.) (Iglesias et al. 1998 (Iglesias et al. , 1999 . These values indicate that picomolar levels of circulating PBAN induce pheromone production. It could be that PBAN is released continuously at low levels or alternatively PBAN could be released intermittently at relatively higher levels. However, it is unknown what happens to the receptor during continuous stimulation. Most G protein-coupled receptors become internalized under continuous exposure to ligand, thereby removing the receptor from exposure to ligand (Lefkowitz et al. 1998 , Zastrow 2003 , as has been recently shown with the PBAN-receptor in B. mori (Hull et al. 2005) . Extracellular Ca 2ϩ is required for the activation of biosynthetic pathways downstream of the PBANreceptor (Jurenka et al. 1991b ). In addition, extracellular Ca 2ϩ is not a requirement for PBAN binding. Also, the Ca 2ϩ inßux does not need to occur immediately but can be delayed for Ϸ1 min (Choi and Jurenka 2004 The most well characterized Ca 2ϩ channels are voltage-activated Ca 2ϩ channels; however, little is known about nonvoltage-activated Ca 2ϩ channels. The calcium channel involved with the PBAN-receptor in the pheromone gland is thought to be a receptoractivated channel. We incubated isolated glands with various channel blockers to determine whether the inßux of extracellular Ca 2ϩ could be blocked in the presence of PBAN. The organic Ca 2ϩ channel blockers nimodipine and loperamide did not inhibit pheromone production in the current study. Other organic Ca 2ϩ channel blockers, verapamil and nifedipine, also did not affect pheromone production in the isolated gland of H. zea (Jurenka et al. 1991b ). In the similar study of PTTH using Ca 2ϩ as a second messenger, external Ca 2ϩ inßux was induced through an L-type voltage-gated and store-operated Ca 2ϩ channel after activation of a presumed G protein-coupled receptor in prothoracic glands of M. sexta (Fellner et al. 2005) . A potassium channel blocker, quinidine, partially inhibited pheromone production in the pheromone gland of H. zea. However, the Ca 2ϩ channel of the recombinant sf9 cells was not inhibited when incubated with quinidine or under K ϩ -free conditions. It is unclear whether quinidine inhibits the Ca 2ϩ channel directly or whether a potassium channel is associated with the balance of the Ca 2ϩ ions after activation of the PBAN receptor in the plasma membrane of the pheromone gland cells. To more fully understand this signaling mechanism, further research on characterization of the PBAN-receptor and how it is coupled to the Ca 2ϩ channel is required in pheromone glands. 
